Zeolites with MWW topology (MCM-22, ITQ-2 and MCM-36) exchanged with copper and iron were studied as catalysts for selective catalytic reduction of NO with ammonia. It was shown that delamination and pillaring of layered MCM-22 zeolite resulted in the formation of ITQ-2 and MCM-36, respectively. Both these materials were characterized by MWW topology and significant contribution of mesopores.
Introduction
Zeolites are one of the most studied group of porous materials. The great interest in zeolites is caused by their wide applications in industry as catalysts, molecular sieves and ionexchangers [1] . Despite many studies on zeolites, it is still a very interesting and developing group of materials. The future challenges in this field are associated with development of synthesis methods and modification techniques of hierarchical porous systems, layered zeolites, extra-large pore structures and chiral zeolites [2] .
The conventional methods of zeolite synthesis result in microcrystalline 4-connected aluminosilicate frameworks. The post-synthesis modification (without degradation) of threedimensional structure is limited to calcination or ion-exchange, which only slightly change the lattice parameters [3] . New opportunities of zeolite frameworks modification appeared together with discovery of layered two-dimensional MCM-22 zeolite [4] . The precursor of MCM-22 consists of vertically aligned, not covalently connected layers. A single layer, showing the MWW-type structure has thickness of one unit cell and a system of two independent pore channels (10 and 12 MR) [5, 6] . Upon calcination of MCM-22 precursor the interlayer surfactant is removed with simultaneous 3D framework formation (through the condensation between surface silanol groups), giving a rise to MCM-22 zeolite [1] .
The new opportunity in zeolite designing, connected with modification of interlayer distance, initiated an expansion of zeolite family. Beside MWW type of framework other 10 topologies were obtained in a layered form. Roth at al. [7] proposed a tabular classification of various layered forms of zeolites described in literature. In case of MWW framework the following structures were recognized: MCM-49 (3D zeolite), MCM-22(P) (ordered multi-layered precursor), EMM-10(P) (disordered multi-layered precursor), MCM-56 (mono-layer, delaminated structure), MWW-IEZ (stabilized ordered precursor), EMM-12 (stabilized 3 disordered precursor), ITQ-2 (delaminated swollen precursor), MCM-36 (pillared zeolite) and MWW-BETB (organic pillared material). Among the mentioned materials, delaminated and pillared zeolites show very interesting properties resulting from the enhanced accessibility of external surface [8, 9] .
The preparation of ITQ-2 and MCM-36 is based on the post-synthesis modification of the expanded layered zeolite precursor (MCM-22(P)). By swelling and exfoliating of MCM-22 precursor, the ITQ-2 material with disordered thin sheets (about 2.5 nm of thickness) and preserved 10-membered-ring (10 MR) channel system can be obtained [6] . While swelling and pillaring of MCM-22(P) with polymeric silica results in MCM-36 material with stable interlayer separation and mesopores created between pillars and zeolitic layers [10] . The advantages of ITQ-2 and MCM-36 (in comparison to 3D MWW structure), connected with greater accessibility of active sites and shorter diffusion paths, are highly desirable in catalysis, especially in case of larger molecules or non-selective reactions [11] .
Layered zeolites are relatively young group of materials and there is still a large need of intensive research concerning their future application in catalytic processes. First reports providing satisfying information about their promising activity in different reactions were reported in scientific literature. E.g. Corma et al. [12] found Cu and Co-exchanged MCM-22 as active and selective catalysts for selective catalytic reduction (SCR) of NO with propane.
Another example is high efficiency of Ti modified ITQ-2 in selective epoxidation of olefins with organic hydroperoxides [13] . On the other side, MCM-36 pillared with MgO, Al 2 O 3 and BaO was found to be active catalysts for NO reduction with CO [14] .
Analyzing the previous research results concerning the MWW-type materials, we supposed that layered materials derived from MCM-22 could be active and selective catalysts in the selective reduction of NO x with ammonia (DeNO x ) process. The emission of NO x to the atmosphere is one of the main factors contributing to acid rains, depletion of ozone layer and 4 greenhouse effect. The main sources of NO x emission are road traffic, power stations and chemical industry. The most efficient way of reduction of nitrogen oxides emission is their catalytic conversion [15, 16] . Zeolites from MFI, FAU and BEA families (conventional [17] and micro-mesoporous [18, 19] ) modified with Fe, Cu and Co were found to be active and selective catalysts in the DeNO x process.
The scope of our studies was to examine the physicochemical properties of the Cu and Fe modified samples derived from MCM-22(P) family (MCM-22, ITQ-2 and MCM-36) and their catalytic performance in selective catalytic reduction of NO with NH 3 .
Experimental methods

Catalysts preparation
Synthesis of MCM-22
The synthesis of MCM-22(P) started with preparation of the synthesis mixture using the procedure described in [20] . 0.37 g NaOH (Scharlau) and 0.67 g NaAl 2 O 3 (Carlo Erba), was dissolved in 80.71 g of Milli-Q water. In a next step 4.96 g of hexamethyleneimine (Aldrich) (structure-directing agent) and 6 g of fumed silica (Aerosil 200) were added to the mixture.
The resulting slurry with Si/Al ratio =15 was stirred for 2 h and hydrothermally treated in PTFE-lined stainless-steel autoclave with rotation (60 rpm) at 423 K for 7 days. After the aging period the autoclave was quenched and the sample denoted as MCM-22(P) was filtered, washed with distilled water and dried overnight at 333 K. After calcination (423 K for 1.5 h, 623 K for 3 h and 853 K for 3 h) of MCM-22(P) the reference 3D sample, denoted as MCM-22, was obtained. samples.
Synthesis of MCM-22(S) (Swelling)
Synthesis of ITQ-2( Delamination)
Synthesis of the ITQ-2 sample was performed using the procedure described in [21] . The mixture of the swollen sample (MCM-22(S)) was sonicated in an ultrasound bath (50 W, 50
Hz) for 1 h. Subsequently, the mixture was acidified with concentrated HCl (to facilitate the solid recovery), centrifuged (12 000 rpm, 15 min) and washed with distilled water (to obtain pH=7). The resulting white solid was dried overnight at 333 K and calcined at 813 K for 1 h in nitrogen atmosphere and at 813 K for 6 h in air atmosphere.
Synthesis of MCM-36 (Pillaring)
For the preparation of MCM-36 the slurry obtained after swelling of MCM-22(P) was filtered, washed with distilled water and dried at 333 K. The resulting white solid was mixed with the pillaring agent -tetraethylorthosilicate (TEOS, 98%, Merck) with the proportion of 1:5 wt./wt. This slurry was stirred at 353 K for 24 h under nitrogen atmosphere (procedure described in [10] ). The filtered sample was washed three times with ethanol and acetone and dried overnight at 333 K. The resulting solid was hydrolyzed in Milli-Q water with the proportion 1:10 wt./wt. at 353 K for 24 h. Then the slurry was filtered, washed with water, 6 dried overnight at 333 K and calcined at 813 K for 1 h in nitrogen atmosphere and at 813 K for 6 h in air atmosphere.
Ion-exchanges
The obtained samples ( Table 1 .
Catalysts characterization
The specific surface area (S BET ) of the samples was determined by N 2 sorption at 77 K using a 3Flex v1.00 (Micromeritics) automated gas adsorption system. Prior to the analysis, the samples were degassed under vacuum at 623 K for 24 h. The specific surface area (S BET ) of the samples was determined using BET (Braunauer-Emmett-Teller) model according to
Rouquerol recommendations [22] . The micropore volume and specific surface area of micropores were calculated using the Harkins and Jura model (t-plot analysis, thickness range 7 0.55-0.85 nm). The pore size distributions were determined from the adsorption branch of nitrogen isotherm by applying density functional theory (DFT). For calculations the method assuming nitrogen adsorption in cylindrical pores was used.
The X-ray diffraction (XRD) patterns of the samples were recorded using a Philips X'Pert MPD instrument. The measurements were performed in the 2 theta range of 1 -40° with a step of 0.03°.
IR measurements were performed using a Nicolet 6700 FT-IR spectrometer (Thermo Scientific) equipped with DRIFT (diffuse reflectance infrared Fourier transform) accessory and MCT detector. The dried samples were grounded with dried potassium bromide powder (4 wt.%). The measurements were carried out in the wavenumber range of 600-4000 cm -1 with a resolution of 2 cm -1 .
Pyridine adsorption-desorption experiments were carried out using Nicolet iS10 FTIR spectrometer. The calcined samples were previously activated overnight at 673 K under vacuum. After activation, the reference spectrum was recorded and pyridine vapor was admitted in the cell and adsorbed onto the sample. The excess of pyridine was removed in vacuum by heating for 1 h at 423, 523 and 623 K, respectively. After each heating period, the sample was cooled to room temperature and IR spectrum was recorded. All the spectra were scaled according to the sample weight. Absorption coefficients calculated by Emeis [23] were used.
Coordination and aggregation of transition metal species introduced into the obtained samples were studied by UV-vis-DR spectroscopy. The measurements were performed using an Evolution 600 (Thermo) spectrophotometer in the range of 200-900 nm with a resolution of 2 nm.
The transition metals content was analyzed by means of atomic absorption spectroscopy (Spectra AA 10 Plus, Varian).
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Transmission electron microscopy (TEM) micrographs were obtained with a JEOL JEM2100F electron microscope operating at 200 keV. The samples were prepared directly by dispersing the powders onto carbon copper grids.
Catalytic tests
Catalytic studies of selective reduction of NO with ammonia were performed in a fixed-bed quartz microreactor. The experiments were done at atmospheric pressure and in the temperature range from 348 to 823 K. The reactant concentrations were continuously measured using a quadrupole mass spectrometer (VG Quartz) connected directly to the reactor outlet. For each experiment 0.1 g of catalyst (particles sizes in the range of 0.160-0.315 mm) was placed on quartz wool plug in the reactor and outgassed in a flow of pure helium at 823 K for 1 h. Then the gas mixture containing 2500 ppm of NO, 2500 ppm of NH 3 and 25000 ppm of O 2 diluted in pure helium (total flow rate of 40 ml/min) was used. The space time (τ) of NO in these conditions, defined as τ=W/ṅ NO (where: W is a catalyst mass, and ṅ NO is a molar flow of NO in the inlet mixture) was equal to 373 g•h•mol -1 .
Results and discussion
Textural parameters of the MCM-22, ITQ-2 and MCM-36 samples, determined by nitrogen sorption measurements, are presented in Table 1 with an intra-layer reflection (100), providing the connection of MCM-22(P) layers into 3D zeolite (structure contraction) due to the effective condensation occurring between opposite external silanol groups, facilitated by the removal of the structural directing agents. On the other side the swelling of MCM-22(P) resulted in an intense of low angle reflection corresponding to d-spacing of 4.5 nm, accompanied by disappearance of (002) and coalescing of (101) and (102) reflections. These facts, together with an appearance of a broad reflection at about 5˚2θ (which probably arises from the originally discreet (101) and (102) reflections [5] ) prove the successful swelling of the parent MCM-22 sample.
In the case of diffractograms recorded for the delaminated (ITQ-2) and pillared (MCM-36)
samples, the 002 reflection is absent what is related with the disordered layer structure (delaminated structure). It is worth to notice that in all the samples the (100) reflection remained unchanged, proving that the internal structure of the individual zeolitic layers was not changed by the delamination and pillarization post-synthesis treatments. The same phenomenon occurs with the other reflections corresponding to (hk0) Miller's indexes, assigned to plane ab of the sheets. Moreover, the explicit separation between the inter-layer reflections (101) and (102) was maintained after delamination and pillarization, what proves the presence of 3D ordered MCM-22 structure domains [5] . However, 2θ positions of (00l) diffraction bands were substantially altered, confirming the spatial modification of the MWW layers, after pillarization or delamination processes, due to the loss of perpendicular order respect to c axis.
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The acidity of the samples, related to the presence of Al in the zeolite framework was studied by pyridine sorption measurements. The FT-IR spectra of the samples before and after pyridine chemisorption (at 423, 523 and 623 K) in the ν(OH) and pyridine ring vibrations regions are shown in Fig. 3 . During adsorption of pyridine, the band at about 3630 cm Fig. 5 a) as well as MCM-22 and ITQ-2 modified with Fe (Fig. 5 b) . The UV-vis-DR spectra The obtained zeolitic materials, modified with Cu and Fe, were tested as catalysts in selective catalytic reduction of NO with ammonia (Fig. 6 ). Due to differences in transition metal content the catalytic activity of the samples from Cu and Fe series were considered separately.
The Cu doped samples exhibit a very high activity in a broad temperature range. For these catalysts, the NO conversion starts at about 398 K and reaches 100% at about 573 K. A decrease in NO conversion at higher temperatures [33, 34] is associated with a side process of direct ammonia oxidation by oxygen present in the reaction mixture. It is also worth to mention that the MWW family samples show high selectivity to N 2 (above 90%). High activity of the Cu-doped catalysts is possibly related to high dispersion of copper species. In all the studied samples, copper is present nearly exclusively in the form of mononuclear ions and oligomeric species, which are known to be active in the DeNO x process [12, 35, 36] . The samples presented various surface acidity as well as porous characteristics, but it seems that these properties of the catalysts only slightly influenced their catalytic performance. Thus, it is suggested that the form of copper species deposited in the zeolitic samples is a crucial parameter determining their catalytic properties in the DeNO x process. In the case of the iron doped catalysts, significant differences in catalytic activity, especially in the low temperature range (below 650 K), were found. The Fe-MCM-22 sample, containing part of deposited iron in the aggregated form, was more active than Fe-ITQ-2, containing nearly exclusively iron in the form monocular iron ions. Therefore, these differences in the low-temperature activity can be explained by higher activity of more aggregated iron oxide species comparing to mononuclear Fe 3+ ions in the low-temperature DeNO x process [37] . However, in this case also a significant influence of surface acidity and porous structure of the catalysts on their catalytic performance cannot be excluded. Fig. 7 . In case of both the samples, the catalytic activity was not change significantly after the hydrothermal calcination conditions. Only at high temperatures the side process of ammonia oxidation was slightly more preferable for those samples. This is a very promising result for the possible future studies of this sample taking into account its possible commercial or industrial application. It is also worth to mention that in case of the majority of the zeolitic catalysts, such severe hydrothermal conditions significantly reduce the catalytic activity of the samples [38, 39] .
The properties of the hydrothermally treated samples were studied by different techniques such as low temperature N 2 sorption (Table 1) 
Conclusions
ITQ-2 and MCM-36 zeolites were obtained from layered MCM-22 zeolite precursor by its delamination and pillaring, respectively. The zeolite samples, exchanged with copper and iron, were found to be active and selective catalysts of selective catalytic reduction of NO with ammonia. The copper containing catalysts presented very good activity and selectivity in the DeNOx process in a broad temperature range. The side process of ammonia oxidation was very limited and observed only at higher temperatures.
It is worth to note that similar activity of Cu-MCM-22, Cu-ITQ-2 and Cu-MCM-36 in the DeNO x process was found despite the fact that the samples differ in surface parameters, acidity as well as transition metal species content and distribution. This fact stresses the high activity of the used MWW zeolitic structure, as well as the high activity of the introduced copper species.
The most promising catalysts, Cu-MCM-22 and Cu-ITQ-2, were tested in stability experiments under hydrothermal conditions. Prior to the catalytic tests, the catalysts were treated in water vapor atmosphere at 823 K for 3 h. Such treatment did not result in any significant changes in catalytic activity of the samples in NO reduction with ammonia. Both the samples show high resistance for such severe conditions, keeping high activity (100% of NO conversion in the range 523-723 K) and selectivity to N 2 (above 90%). The modification of MCM-22 did not result in a significant improvement of the catalysts efficiency in the DeNO x process, also taking into account their more complex synthesis procedures in comparison to MCM-22. However, it must be stressed that MWW derivatives are very interesting materials for possible application in catalysis but their further improvement is necessary to meet requirement for their commercialization.
